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ABSTRACT

The recent literature on polymeric charge transfer com-
plexes is revicwed with emphasis on the author’s own
work. After a definition of the area and a survey of
investigations on the spatial arrangement of donor and
acceptor sites in the solid state, a variety of applications
of these complexes is presented. Electrically conductive
polymers arc excluded. These applications are: compati-
bilization of polumer blends, liquid crystalline supra-
molcenlar - organization, new developments in  photo-
conductivity,  electroluminescence,  nonlinear  optical
properties, photorefractivity and reversible optical stor-

age.

KEYWORDS Polymer, Charge transfer complexes,
Molecular geometry, Supramolecular organization,
electro-oplic applications

INTRODUCTION

Polymcric charge transfer complexes form an arca of
rescarch that is fairly poorly defined and delimited.
However, there is a tremendous rescarch cffort cur-
rently dedicated to polymeric charge transfer com-
plexes, a significant part of which originates with
industrial I g':)ramrics in pursuit of novel high-tech
g)lymcric matcrials for a varicty of applications.

ost of the reviews currently available cover one or
another  aspect of this subject and-to m
knowledge ~ there is no review that is trying to loo
at the ovcerall rescarch and consider cach aspect as a
part of a wholc.

This is the task I am attempting to accomplish in
the present review. I will try to mention most of the
current work that falls under the general topic of
polymeric charge transfer complexes. Some of these
arcas arc huge and well reviewed previously, so |
will not present any dctails at all. For cxample,

1042-7147194/010000-00 $05.00
© 1994 by John Wikey & Sons, Ltd.

although electrically conductive polymers arc defini-
tly a very important part ofo polymeric charge
transfer complexes, they will be covered only to the
extent that they are being studied for some other
uscful propertics (clectroluminescence, third-order
nonlincar optical propertics). The research in
polymer electrical conductivity will not be covered. 1
will then mention significant work previously pub-
lished and emphasize the most recent scientific and
technological developments. Finally, I will cover in
some detai' a few aspects of charge transfer interact-
ing studics in polymers performed in my laboratory,
i.c. studies of the geometry of charge transfer com-
plexes by solid-statc NMR, some aspects of sclf-
organization and potential applications in rcversibic
optical storage and waveguide materials.

DEFINITIONS AND PREVIOUS —
REVIEWS

A charge transfer complex (CTC) consists of a “‘mix-
ture” of an electron donating (D) moicty with an
clectron accepting (A) moicty. There must be some
interaction of the orbitals of the two moictics,
though the cxtent of this interaction may vary signi-
ficantly. The two moietics can belong to the same
moleccule (intramolecular CTC) or to two different
molecules (intermolecular CTC). The orbitals’ inter-
action usuallgr rcciuircs a spatial proximity of the two
moictics, and in this respect the intra- and intermole-
cular complexes may not be that different.
Intramolecular CTCs arc known to form by appro-
giatcly bending a molecule to allow interaction

tween the clectron-donor and the clectron-acceptor
parts [1]. Probably the most important consequence
of the CTC formation in ‘“‘mixturcs” of clectron-
donors with clectron-acceptors is (photoinduced)
clectron transfer. This phenomenon is the basis for a
scrics of potential applications: clectrical conducti-
vity (which will not be covered in this review),

it
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ductivity, clectrolumincscence, photore-
tivity and its applications in information storage
and optoclcctronics, ctc. All these applications
uirc a charge generation step (usually the photo-
induccd clectron transfer) followed by a charge trans-
port or a charge scparation step. In this second step,
impuritics (charge traps) play a very important role,
as doces the tendency of the scparated charges to be
stabilized in their environments.
The steps leading to charge scparation are sum-
marized in a recent paper (2] They are:

Step 1t excitation of the clectron donor:
D+A-"D*+A

Step 2: cxcitation delocalized on the charge
transfer complex:

D+ A— YD - A)*
Step 3: charge transfer:
YD = A)*— (D — A
Step 4: formation of the ion radical pair:
VD™ - AT =MD A
Step §: charge scparation:
"(DI-A)—=D+ A"

In these cquations, 1 and 3 denote singlet and triplet
excited statces.

There is a huge amount of rescarch involving
charge transfer complexes and photoinduced clec-
tron transfer. This is in part reflected by the existence
of a Mational Science Foundation Center for
Photoinduced Charge Transfer at the University of
Rochester, involving academic and  industrial
rescarchers. ¥ most recent Nobel laurcate in
chemistry, R. A. Marcus, has also been recognized
for his contributions in this ficld. Some of this
rescarch uses polymers, but a clear, scparated arca of
polymeric charge transfer complexes does not really
cxist. Electrically conducting polymers, a subject of
intensive rescarch, will not be included in this
review, cven though the phenomena related to clec-
trical conduction dcarly involve the existence of
charge transfer complexation in ground and exdited
states. This is because clectrically conducting
polymers is a subject in its own, with many pertinent
reviews; hundreds of rescarch articles appearing
cvery month and a whole journal (Synthetic Metals)
dedicated to organic conductors.

Polymeric charge transfer complexes require a
polymer structure containing or assodated with
clectron-donor and clectron-acceptor groups. Scheme
1 iltustrates some possible polymeric complexes. The
litcrature up to 1988 covering polymeric donors
mixed with afeptors, polymeric acceptors mixed
with donors, blends of polymeric donors and poly-
meric acceptors, as well as copolymers containing
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SCHEME 1.

donor and acceptor groups was recently reviewed
[3]- That review em ﬁasizcd mainly somc synthctic
and somc thermodynamic aspects of polymeric
CTCs.

A very important factor in polymcric charge
transicr interactions is the degree of order in the
system. Supramolccular organization, the sponta-
neous tendency to form ordered domains, has been
identified as a crudial factor in organic conductivity
by Wegner {4]. The conditions for organic conducti-
vity were: existence of clectron-donor or/and
clectron-acceptor groups, partial clectron transfer
and formation of separated stacks of clectron-donor
or/and electron-acceptor groups. This last condition
was cssential to allow the clectron (or holc) to move
along such a stack, as shown in Fig. 1.

While for a number of ycars the main emphasis
of rescarch into conductive and photoconductive
polymers was finding the chemical structurc that
allows a rclatively narrow bad ga{; for conduction,
supramolecular organization has begun to receive
the necessary attention. A recent review of appli-
cations of organized media [5] shows that the poly-
meric matrix usually presents a spontancous
tendency to order, and that in a varicty of real-lifc
applications (“Polaroid” lenses, Kodak's clectro-
photographic systems, ctc.) this was onc essential
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AGURE 1. Hole transport or electron transport along
two separate stacks of electron-donor and electron-

acceptor groups (adapted from [4]).
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property which was usually not forcscen at the time
of invention. Eaton’s review analyzes many systems
as gucst—l\ost systems, involving some intcractions,
and charge transfer interactions arc probably the
most significant type, becausc they allow for photo-
chemical applications.

Morc recently, Fox 6] has reviewed work per-
formed mainly in her laboratory on clectron trans-
port. This review also recognizes the importance of
supramolecular organization in designing desired
propertics. Supramolccular organization is not res-
tricted to polymeric systems. Probably the most
interesting development since Wegner demonstrated
the necessity of supramolecular organization was a
systematic analysis of lic;uid crystalline matcrials,
including polymeric licluiu ?stals, as components
of charge transfer comdp exes. Such studics, including
the discotic phascs desaibed by Fox [6], will be
bricfly analyzed in this review.

THE SPATIAL RELATION BETWEEN —
DONOR AND ACCEPTOR:
SPECTROSCOPIC STUDIES

As part of the supramolecular organization of the
complexing groups, the spatial arrangement of the
donor and acceptor groups within a complex will be
onc of the most important factors that determine the
ultimate propertics of the complex. It is fairly easy to
investigate small molecular crystalline complexes.
X-ray diffraction patcms, including single crystal
analysis, corrclated sometimes with solid-state NMR
spectroscopy, may reveal the whole picture of the
spatial arrangement of the intcracting groups.
Things arc much more complicated when the inter-
acting groups arc part of a polymer. In most
instances there is not cnough crystallinity to produce
a readable X-ray diffraction pattern, and the polydis-
persity of the polymer microstructure usually gener-
atcs broadening of NMR signals because of small
differences in  chemical shifts. These broadened
signals intcrfere with the relatively small chemical
shifts produced by charge transfer complexation,
thus obscuring any structural information.

There are very few studics in the literature
investigating the charge transfer complex geometry
in polymeric systems. All published studies make
usc of “modcl” systems, where the charge transfer
complex is investigated in the solid state on sub-
stances similar to the structural unit of the polymer
under investigation. Aromatic systems also show a
definite advantagce over non-aromatic oncs, owing to
the well-known aromatic shiclding cffect which may
produce significant high ficld shifts.

Chemical Shift Effects in Solid-state NMR

Partial charge transfer from an clectron-donor group
to an clectron-acceptor group will change the electron
density, cspedially at the interacting sites. One
would expect a decrease in clectron density of the
donor and an incrcasc in clectron density of the
aeccptor. If no other factors were present, the rele-
vant signals of the clectron-donor group should be
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AGURE2. CPMAS “C-NMR spectra of the
nonprotonated carbons of the NBC-TENF (a) and
[NnB))—TNF (b) charge transfer complexss (adapted from

shifted downficld, while the relevant signals of the
clectron-acceptor group should be shifted upficld. At
this point, if the two componcnts arc aromatic, the
aromatic shiclding cffcct would add to the upficld
shift of the carbons of the clectron-accepting group
and would decrease the downficld shift of the carbons
of the clectron-donor group. In a simple cxample,
complexes of Soly(N-vinylcaxbazolc) (PNVQO) with
2,4,7-trinitro-9-fluorcnone (TNF) and with 2,4,5,7-
tetranitro-9-fluorenone (TENF), respectively, were
investigated by  solid-statc NMR .
N-cthylcarbazole (NEC) was uscd as a “modcl”’ for
the structural unit of PNVC. Figurc 2 shows the
spectrum of the nonprotonated carbon atoms in the
two complexes: NEC-TENF (a) and NEC-TNF (b).

While it is difficult to assign cvery signal in the
spectra, the pattem of the catbons 4a and Sa
(120 ppm) shows an obvious diffcrence between the
two complexes. The two sides of the carbazole ring
arc identical in its complex with TENF and different
in its complex with TNF. This clcarly suggests a
sandwich symmetrical structure for both complexcs,
as shown in Scheme 2.

The same information is not available in the
Eolymer spectra, owing to significant differences in
incwidths, but it is reasonable to assume that the
complemcometry would be similar. Relaxation data,
which will be presented in the following part of this
scction, supgort the conclusions drawn from the
chemical shift data.

Another example involves a charge transfer com-
plex between a carbazole dimer (trans-1,2-bis-9-

CHLCHy
O ogM NO,

NEC-TNF NEC -TENF

SCHEME 2.
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RAGURE 3. CP-MAS *C-NMR spectra of the
nonprotonated carbons of BCC (a) and a BCC-TNF
complex (b). The most probable complex geometry
obtained gby computer minimzation is also presented (c)
{adapted Trom [8]).

120 ppm

carbazolylcyclobutane, BCC) and TNF [8). The com-
plex is also a modc! for a TNF complex of a polyimine
containing BCC. This ime, the two carbazole rings
arc noncquivalent in the pure dimer, but they
become a?most cquivalent in the charge transfer
complex (Fig. 3). This suggests a morc symmctrical
structurc of the charge transfer complex, and the
structur.: is obtainced by minimization of the confor-
mational encrgy of the complex using the software
Polygraph. The proposcd structure is included in
Fig. 3.

A morc interesting case which was analyzed
both with modcls and with polymer complexes
involved poly[(N-cthylcarbazol-3-yl) methyl methac-
rylate] (PNECMM) (its model compound was (N-
cthylcarbazol-3-yl) methyl acctatc - NECMAc) and
poly(2-[(3,5-dinitrobenzoyl)oxy] cthyl mcthaarylate)
(PDNBEM) (its modcl compound was 2-[(3,5
dinitrobcnzoyl)oxy] cthyl acetate - DNBEAC) (9, IO’.
The model compounds clearly show an upficld shift
for both thc donor and the acceptor carbons. As
cxplained before, the acceptor’s carbons’ upficld
shift is fully cxpected because of changes in clectron
density upon charge transfer complexation. The fact
that the donor’s carbons also shift upficld indicates
that the aromatic shiclding cffect is stronger than the

clectron density cffect. Indeed, upficld shifts up to -
5.2 ppm are observed for some acceptor carbons [9).
These arc fairly large shifts. As Fig. 4 illustrates,
some of the acceptor carbons and most of the donor
carbons become nonequivalent in the charge transfer
complex. This clearly suggests a nonsymmectrical
complex geometry, in which only onc of the benzene
rings of the carbazole may be involved in complexa-
tion (Fig. 5).

These kind of shifts are strong cnough to be
noticed cven in the polymer complex spectrum [10],
though, obviously, line broadening is decrcasing the
sensitivity.

Relaxation Effects of Charge Transfer
Complexation

One type of cffect which is much casicr to notice in
the solid-statc NMR spectra of the polymer com-
plexes is a significant change in some relaxation
paramcters. There are many rclaxation paramcters
which could be measured in the solid statc. The
cerbon and proton spin-lattice relaxation time con-
stants will be rclated to motions in the MHz fre-
quency range, while the same parameters in the
rotating frame will give information in the kHz
frequency range. It is generally belicved that seg-
mental chain motions occur within this last fre-
quency range, hence any T4 and T),c measurements
could be very uscful for information about this type
of motion. The differences between proton and car-
bon relaxation are produced by thcir diffcrences in
abundance. Protons are abundant nuclei, their
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AGURE 4. Aromatic region (nonprotonated carbons)
of NBECMAc, DNBEAc and a 1: 1 charge transfer
complex of NECMAc and DNBEAC [9].
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RGURES. Proposed complex geometry for NECMAC
and DNBEAc [9)].

density is very close to the atomic density in a
molccule. Carbons (isotope 13) arc rare nudeci, with
only about 1% of all carbons in the molecule being
magnctic. That makes the dcnsil}',of C very low and
the probability of finding two atoms near cach
other closc to zero. Hence, proton relaxation will
reflect bulk propertics, for example proton density in
a samplc, proximity of various parts of the molecule,
spin diffusion within a sample, while carbon rclaxa-
tion will be strictly restricted to motional influences.
It is fairly well known that T, ; mcasurements in
polymer blends will give information about the
phase structurc of such biends, in the samc way that
the glass transition temperature (T,) docs. Phase
scparation acts as a barrier for spin diffusion, and
spin diffusion is nccessary to homogenize the T,
values in a system with two components. Hence, if a
polymer blend is compatible, a single T4 value,
usually intermediate between the  components’
values, will be found for the blend. Blends with
interacting components usually show a positive
deviation of the T, valuc of the blend as compared
with the additive valuc of the two componcents. This
excess cnergy required to change the blend to its
clastic statc is belicved to come from the nonbonding
interaction (charge transfer interactions arc such
nonbonding interactions). Because of thesc interac-
tions, the free volume available to the polymer will
be reduced, hence the T, will increase. We have
demonstrated that in charge transfer interacting
copolymers and blends, the T4 valucs are depressed
in a similar way to which the T, values arc increased
[9-13). An cxample is illustrated in Fig. 6 and

polydonor

(]
TyplH)
(ms) 4,

0
polyacceptor »
10 4 A A 4
) 20 40 80 80 100
mol % polydonor
® copolymers O blends

AGURESB. 7], values for two homopolymers, their
oopolymers and their blends as a function of
composition [13].

SCHEME 3.

involves both intra- and intermolecular charge
transfer complexes. The polymer blends only interact
intramolecularly, while the copolymers also have
interacting groups on the same chain. The cffect on
the T4 value seems to be similar [13].

While the copolymers are relatively unaffected

thermal treatment, the blends containing the
polydonor and the polyacceptor have a lower critical
solution temperature, i.c. when hcated they will
phase separate into the two componcnts. Upon cool-
ing the two components remain phase scparated. as
illustrated in Scheme 3.

The charge transfer interacting groups arc still
present throughout cach phase, but after phasc scpa-
ration only the interacting groups situated at the
interface between the two phasces can reform charge
transfer complexes. The consequence on the T4
valucs of the system is illustrated in Fig. 7. In a blend
of the two separate components in which there is no
“communication’” betwcen the two phases (no
char¥e transfer interaction at the interface), onc
would expect to measure two T4 values cqual to the
Ty values of the two components. If there is “com-
munication”, i.c. if somc of the charge transfer

30
AT (H)
ms) 01

10F

RAGURE?. 71, for the compatible biends shown in Rg.
6 before and after phase separation. A We for both
systems is illustrated at the top of the figure [13}.




goups arc interacting at the interface, then the
ower relaxing component will get some help in its
rclaxation by the faster relaxing component through
the interacting interface. Hence, for the phasc scpar-
ated blends, the two T, values measured should be
onc identical to that of the faster relaxing component
and the other lower than the value for the slower
relaxing component. The depression of the slower
rclaxing component should reflect interaction at the
interface. This is indced what happens for the
system analyzed in Fig. 7. The smaller T4 valuc
(that of the polyacceptor) remains unaffected, while
the higher T, 4 value is clearly depressed in compari-
son with the purc hompolymer. An illustration of the
depression of T4 values as a function of compo-
sition for the compatible and for the phasc scparated
blends is Eivcn at the top of Fig. 7. As expected, there
is more charge transfer interaction within a compat-
ible blend, because the groups arc distributed and
interact throughout the volume of the sample. After
phasc scparation, there still is somc significant
charge transfer intcraction, which now has to be
localized at the interface. Though we have not
attempted any quantitative analysis of the above
data, it scems obvious that a correlation of the degree
of intcraction before and after phasc scparation
should be indicative of the size of the phases.

Once question which must be answered before
T,y starts being commonly used as a parameter
indicating nonbonding intcractions is to what extent
docs motion play a role in these changes of T,y
values? The proton spin-lattice rclaxation in the
rotating frame must be affected by changes in motion
in the kHz range, and all the above discussion
assumed that the changes in T4 arc only a conse-
quence of the decreased free volume brought about
by charge transfer interactions. The decreased free
volume produces an increased proton density and
heace accelerates spin diffusion (relaxation). What is
the motional role? A scparate study has been per-
formed on these systems measuring T¢ as a func-
tion of temperaturc. This paramcter is unaffected by
proton density. T,,c changes very little in homopo-
lymers, copolymers and compatible or phase scpar-
ated blends when measured at similar tempceraturcs
(10]. Hence, mixing the components, allowing for
charge transfer intcraction, does indeed change the
proton density but has little cffect on the characteris-
tic motion of the polymer molccules. This mcans
that — at lcast in this casc - T, can be used as a
paramecter reflecting nonbonding interactions only.

There arc some other cxamples in the literature
which show that T, 4, valucs become depressed when
charge transfer intcractions arc TErcscnt. Complexes
of PNVC with both TNF and TENF show multiplc
relaxation behavior, due to the inhomogencity of the
matcrial, but the T4y valuc of PNVC is always
significantly depressed in its complexes [7, 14].

Scanning Tunneling Microscopy and Atomic Force
Microscopy

Seanning tunncling may be proven as a very power-
ful mcthod to analyze the spatial relation between
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SCHEME 4.

the clectron donor and clectron acceptor in the
charge transfer complex. When properly used, this
method generates pictures which can be interpreted
in terms of atoms arranged in specific patterns
within molecules and/or larger phases. There arc
very few studics published using this method to
investigate charge transfer complexes, and all such
studies arc restricted to small molecular complexes
[15~17], but it secms that polymeric complexes can-
not possibly be far behind.

COMPATIBILIZATION OF POLYMER —
BLENDS

Directly rclated to the analysis of polydonor-
polyacceptor blends described above are a 'scrics of
studics from a few laboratorics in which charge
transfer complexes arc being used as the driving
force for compatibilization. There is a huge amount
of literaturc concerning polymer bliends and their
phasc structurc. From a thermodynamic point of
vicw, polymers tend not to mix together unless the
enthalpic factor is dominant. Various kinds of inter-
actions can produce the necessary negative heat of
mixing to induce a thermodynamic tendency to mix.
Scheme 4 shows the cffect of cvenly distributed
interacting groups on the miscibility of two
polymers.

Charge transfer intcractions are obviously suit-
able for such a task, but they also have a few
disadvantages: it is fairly complicated to synthesize
appropriatc groups and to introducc them on the
polymer to be mixed. Then, after all this synthetic
cffort has been made, the results in terms of compati-
bilization are fairly poor. For cxample, onc needs an
average of 25 mol% intcracting groups on cach
polymer chain to obtain a blend with a single glass
transition temperature, while 5 mol% ionic interact-
ing groups arc cnough to achicve the same task (at
the same time ionic groups arc synthctically casier to
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introduce). Hence, charge transfer compatibilization
is not a technical answer to a problem, but should
rather be regarded as an interesting basic problem
which brings with it some new insights into blend
behaviour. An example of such a study is included in
this issuc [18). Most of the previous studies of blend
compatibilization through charge transfer interac-
tions have involved a carbazole as donor and a 3,5-
dinitrobenzoate as acceptor [19-24). More recently,
using the samc donor-acceptor pair, Sctz and
Schncidcr [25] obtained very interesting information
about the stoichiometry and the geometry of the
charge transfer complexes where the backbonce was a
polysiloxanc.

LIQUID CRYSTALLINE
SUPRAMOLECULAR
ORGANIZATION

Among the possible types of order in polymeric
systems, liquid crystalline order allows a varicty of
potential arrangements and is less restrictive than
aystalline order. There are no cxamples of crystalline
polymers with charge transfer interactions, although
there was a lot of speculation about the kind of order
in solid PNVC. It is now accepted that the carbazole
rings arc arranged in a manner that allows hole
transport, i.c. fairly regularly among the polymer
chains [26]. This arrangement is similar to a lowly
ordered nematic phase, but there is no evidence that
such a phase exists in PNVC. A depressed nematic
phase was postulated for complexes of 1,4-bis[2-
(4',4"-dialkoxyaryl)ethynyljbenzene derivatives with
p-chloranil [27]. These arc just models for polymeric
complexes. A decomplexation was postulated as the
mcechanism for complex decomposition. Further stu-
dics on nematic phases of polymers involving p-
chioranil as the acceptor molecule {8) scem to indi-
catc that nematic phascs are produced only in the
presence of residual solvent, and that decomplexa-
tion involving a small molccule, as opposed to a
polymer, is unlikely to generate an endothermic peak
in the DSC trace.
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By far thce most interesting work in this arca is
that on, columnar discotic phascs formed with
electron-donors, clectron-acceptors or combination
of these. Sume of this work does not involve chemi-
cally bonded discotic mesogens, i.c. these are
polymers only becausce there is a physical long range
order. These compounds show a tremendous poten-
tial for charge migration and all the applications that
may be derived from this phenomenon [28). In this
cxample, the discotic mesogen is a substituted por-
phyrin which forms tilted columnar stacks. As carly
as 1989, it has been demonstrated that liquid crlystal-
line columnar phascs can be induced by charge
transfer complexation in  amorphous  polymeric
systems. A few cxamples of the components are
shown in Scheme 5.

Typically, the complex consists of an amorphous
polymer containing clectron-donor groups bascd on
triphenylene either on the side chain or in the main
chain. The acceptor is TNF, as it is usually added as a
dopant to the polymer. The charge transfer complex
shows liquid crystalline phascs which arc schemati-
cally represented in Fig. 8 [29).

A very interesting point was that TNF could
scrve as a “‘compatibilizer’” when two of those amor-
phous polydonors did not mix. A discotic mesophasc
was formed only when TNF was added and a single
phase with three components (two of them poly-
meric) was thus obtained. Such complexes were
investigated for a varicty of compositions and their
phasc diagram was cstablished [30]. The procedure
to induce columnar mesophases works also when
TNF is incorporated into a polymer which is subsc-
quently doped with a donor based on triphenylene
(31}. Finally, an obvious consequence of these stu-
dics was to extend ordering in such systems using
the Langmuir Blodgett procedure to obtain multi-
layered ordered structures [32).

This arca of rescarch will probably reccive much
more attention in the near future, as it becomes
dearcr that supramolccular organization is onc of the
main factors affecting the overall propertics of a
particular material.

TNF { acceptor )
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RGURES8. Induction of discotic phases in amorphous
electron-donor containing polymers [29].

ELECTROLUMINESCENCE

A recent review on polymeric materials which could
be used in clectroluminescent devices is a very uscful
reference for anyone interested in the subject [33). It
covers most of the work in a ficld that started with a
publication in Nature in 1990 [34). The advantage of
polymers in clectroluminescent displays is mainly
related to their unique processing abilitics, allowing
large display surfaces with minimal production
costs. Electroluminescence s a result of dual charge
injections which travel towards cach other across a
polymer film and combinc to form an exciton. The
charges arc injected through an clectric ficld in the
clectrodes deposited on the top and bottom of the
polymer film. Hence, charge transport of both types
(clectrons and holes) is a crudal property for the
polymer film. Conjugated polymers such as poly-
(phenylene vinylenc) (PPV) and analogous structures
{Schemce 6) have been found to be idceal for clectro-
luminescent devices. PPV is insoluble, hence its
synthesis as films for devices has constituted a
challenge for years. Now, the precursor synthesis of
PPV is very well known and broadly used [33].
Therc arc two main s of problems related to
such devices. Onc is of a physical nature and
involves rescarch into electrode type and deposition,
charge injection, charge transport, cfficiencics, ctc.
The other tyrc of probiem is of a chemical nature and
involves sclection of polymeric materials which
could create various colors (the color of the emitted
light is obviously rclated to the band gap of the
pelymer used) and devices of various flexibility [35).
The most intense subject of rescarch recently seems
to be the scarch for bluc light emitting polymers.

[o-=r]

SCHEMES®.

Highly conjugated PPV cmits yellow light, thus, in
order to increasc the band gap and creatc bluc
luminescence, various synthctic mcthods are pro-
poscd to create interruptions in conjugation [36, 37].
Not surprisingly, supramolccular order has been
proven to affect the efficiency and the band gap of
such electroluminescent devices. Pre-ordering PPV
in the preliminary synthesis significantly changes
thesc parameters [38).

NEW DEVELOPMENTS IN
PHOTOCONDUCTIVITY

The main drive for rescarch in photoconductive
polymers comes from the applications in
clectrophotography and laser printing. The photo-
conductive material in a typical copying machinc is
composcd of two layers: onc which photogencrates
the charge (clectron or holc) and the other which
transports the charge towards an clectrostatically
charged surface. The whole process and a recent
review of organic photoconductive (for the genc-
ration layer) compounds was published recently [39).
That review also covered significant aspects of the
charge transfer interactions occurring in these mat-
crials and their significance for the charge generation
processcs. Laser printing applications usc the same
compounds as those used in the gencration layer in
clectrophotography. We will bricfly describe in this
scction relevant aspects of designing the charge

tmn;_ﬂort laycr.

c charge transport laycr is usually composed
of an active substance, typically an clectron-donor
compound for hole transport, dispersed in an “inert”
matrix. Scheme 7 shows the clectron-donor com-
pounds used by various companics. The matrix is
normally a transparent polymer film which can
accommodate a significant amount of active sub-
stance dissolved into it. It has been demonstrated
that charge mobility is directly proportional to the
concentration of the clectron-donor. Until recently it
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was believed that the matrix was inert, but now it
becomes increasingly clear that there are some sort of
weak interactions between the active compound and
the matrix that affect charge mobility. This has been
demonstrated mainly by comparing a polycarbonate
with a polystyrene matrix [40-42). The higher
mobility in the polystyrene matrix is assigned to the
absence of dipolar ficlds generated by the polar
groups in polycarbonate. Polar impuritics are also
shown to decrease the desirable propertics of the
matcrials. My recent studies by solid-state NMR on
charge transport materials based on polycarbonate
were performed based on the same principle des-
cribed in the section about the charge transter com-
plex geometry. T values were measured for the
polycarbonate and for the materials containing
incrcasing amounts of TPD. If no interaction (dipo-
lar, charge transfer or any other tyrc) takes place in
the material, onc would expect a lincar increcasc of
T\ values with the increasc of the TPD content.
What happens instead is that T4 values decrcase
initially, suggesting incrcased proton density, based
on the arguments presented carlier. This is in agree-
ment with the existence of some sort of interaction
between the matrix and the active compound [43).
Another very intcresting arca of rescarch is
investigation of clectron transport materials. As a
genceral rule, they should be clectron-accepting com-
pounds dispersed into an “inert” matrix (again, a
nonpolar matrix should be favorable for incrcased
mobility). Such compounds arc usually less soluble
in commcercial polymers, though the solubility
increascs with the polarity of the matrix. The mecha-
nism of charge transport has been presented pre-
viously in fig. 1. Electron donor compounds act as
hole transport materials. The ionized clectron donor
is now an clectron-deficient molecule and will accept
an clectron from another clectron donor group
situated immediately next to it. Hence, the ionized
denor is actually playing the role of an clectron-
acceptor in a charge transfer relation. This is the

o Snsinladil L AN AN AN AYYNXC

rcason why there is no need for the whole clectron-
donor clectron-acceptor pair in a charge transport
material. The electron transport along an clectron-
acceptor stack, also described in Fig. 1, functions on
the same principle: the ionized clectron acceptor is
now clectron-rich and can act as a donor to the next
clectron acceptor molecule in the stack. One of the
most interesting classes of compounds investigated
is unsymmetrical dibenzoquinoncs of thc gencral
formula presented in Fig. 9 [44).

NONLINEAR OPTICAL PROPERTIES —

A fairly recent review of materials with nonlincar
optical properties and their 0rcssiblv: uscs indudcs
cxamples of organic and polymeric matcrials [45].
The rescarch in this area is extensive and, centered
mainly around sccond- and third-order materials. A
good introduction and survey of the litcrature is
given in reference [46]. I have decided against trying
to provide an update of the literature in this chapter.
The amount of publications is outstanding and any
attempt to review it becomes obsolete in a fow
wecks.

Second-order nonlinear materials show a signifi-
cant sccond-order susceptibility, and in organic and
polymeric matcrials this is based on the cxistence of
parts of the molecule which may be preferentially
oricnted to creatc a bulk susceptibility. Typically, a
mesogenic structure of the type shown in Scheme 1 (£
or g) is required. Noncentrosymmetry is absolutely
necessary for such a group. It consists of a faitly rigid
conjugated or aromatic skcleton with an clectron-

R4 Ra
o o)
R3 H4

AGURE 9. General structure of a dibenzoquinone [44].
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donor group at onc of the ends and an clectron-
acceptor group at the . her. Owing to the presence of
the 7-clectrons, such a structure will have a perma-
nent polarization dictated by the ionization potential
of the clectron donor and the clectron affinity of the
clectron acceptor. Such a structure can be dispersed
inte a polymoer to function as a fucst-host system, or
can be attached within o ,,wofymcric structurc by
spacers long cnough tr llow the necessary paraliel
oricatation which confers sccond-order susceptibi-
lity.

The bulk sccond-order susceptibility is only
obtained when most of the mesogens arc oriented
par..l'el with the donor groups pointed in the same
dircction. This is usuafly achicved by a process
named “poling”. The polymer film is sandwiched
between two clectrodes and a strong clectric field is
applicd while the film is hcated above the glass
transiion temperature. The moso(ﬁcnic groups will
then tend to organize in the same direction, with the
clectron-acceptor groups pointing toward the posi-
tive clectrode and the clectron-donor groups point-
ing toward the negative clectrode. After maintaining
the film above T, to allow an cquilibrium to be
reached, the film is then slowly cooled with the
clectric ficld on. This “freczes” the orientation of the
mesogens and if room temperature is much lower
than T, produces a rclatively stable material with
sccond-order susceptibility. It is worth mentioning
that liquid crystalline propertics are not a require-
ment in order to pole such @ material, hence the term
“mesogen’” is only used here by analogy with the
liquid crystal usc. The best known prorcrt_v of
materials  with  sccond-order susceptibilities  is
sccond harmonic gencration, where the output wave
has twice the frequency of aninput wave in a device.

Onc potential problem of such materials is lack
of long term stability. Even when the operating
temperaturce is much lower than T, the oricntation is
slowly being lost over a long time. There arc many
recent studics that make use of crosslinking or
magnctic prealignment or cven prealignment before
polymerization and thus produce materials with
improved stability.

Third-order matcerials have no symmetry require-
ments. As with the second-order matcerials, polymers
are just one class of such materials, the newest ones
to attract attenticn from this point of view. Polymers
with significant (hird-order susceptibilitics arc typi-
cally thosc that also have the ability to conduct
clectricity, but polymers with heterocyclic ladder-
type structures arc also very good. One of the papers
published in this issuc deals in detail with third-
order susceptibilitics [47).

PHOTOREFRACTIVE POLYMERS —

Photorcfractivity is a phenomenon that was noticed
initially in inorganic materials and its consequences
arc a scrics of very cxciting optical properties which
may lead to a varicty of uscs, the most important
being holographic storage. Photorefractive polymer
materials have been proposed only very recently
(48, 49]. They arc usually materials which are both

>

o o

photoconductive and show sccond-order nonlincar
optical propertics. To show both propertics, the
matcrials are designed as host-gucst systems. Onc
could start from a photoconductive polymer (which
is usually a mixturc of a polymer matrix and a charge
transport dopant) and add anothcr gucst molecule
with second-order susceptibility. Or onc could start
with a second-order nonlincar polymer (in which the
active sites could actually be chemically bonded to
the main chain) and dope it with a charge transport
substance. Either way, in order to assurc the pres-
ence of the sccond-order nonlincar optical proper-
tics, the matcrial has to be poled in strong clectric
ficlds, as was described in the previous section. The
stcps necessary to achieve photorefraction arc:
charge generation, transport, scparation (trapping)
and the clectro-optic effect {S0}. Tﬁzs last term mcans
that the refractive index of the matcerial will depend
on the intensity of the clectric ficld generated in this
casc by the scparated charges. Recently, novel pho-
torcfractive polymers have been proposed which
incorporate all the active components within the
polymer structure [51-52]. Notc that for a polymer to
be really photorefractive, the clectro-optic cffect has
to originate with the charge separation given by the
previous steps and not with some other phenome-
non. For this rcason, photochromic groups arc
usually avoided in the preparation of photorefractive
polymers.

REVERSIBLE OPTICAL STORAGE ——

Since the commerdal success of the optical compact
disk, a great variety of materials and mcthods has
been proposed for reversible optical storage. The
compact disk is a memory storage of the type Write
Once Read Many times. The comuncrcial reversible
storage devices are based on magnctic or magncto-
optic principles. Owing to the great interest in
photonics (the optical cquivalent of clectronics) and
its aprlications in optical switching, wavcguidcs,
optical computers, real-time holography, ctc. {53], a
great varicty of potential systems for reversible
optical storagc has been proposcd in the scientific
literaturc. The principles on which the optical stor-
age process is based arc very different at times;
however, a scries of such processes is based on
various photochromic cffec® A rccent book [54)
reviewed some of the potential applications of a few
photochromic polymeric materials.

T We will describe in this scction onc reversible
optical storage system which is a combination of a
liquid crystalline, nonlincar optical and photochro-
mic cffects. This system was first proposed by
Todorov ¢t al. in 1984 {55}, rediscovered in 1987 as a
liquid crystal polymer phenomenon [56], and again
re-cvaluated as a more general, locally crasable
medium in 1992 [57). The matcrials arc polymers
containing aromatic azo (froups (usually substituted
azobenzenes) which undergo photochemical trans-
cis isomerization. In this rcspect, the phenomenon
could be considered photochromic. although the
typical azobenzenes used have clectron-donor and
clectron-acceptor groups in the para position, and

-
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the absorbances of the trans and cis forms are not that
diftcrent [58]. Hence, a trans-to-as change will not
produce a change in color, as photochromic sub-
stances show. Morcover, the ds form in such substi-
tuted azobenzene has a lifetime of the order of
milliscconds to scconds. At equilibrium there is no
as isomer left in the polymer. The way to encode a
bit on such polymer film is not based on the photo-
chemical configuration change, but on an overall
oricntation of the azobenzene groups parallel to a
preferred direction. In this respect, the phenomenon
could be considered a liquid crystalline effect, in that
order is being induced into an otherwise amor-
phous, random system.

Although this phecnomenon was extensively stu-
dicd in liquid crystallinc polymers, and information
was being stored by chan?ing the alignment in a
preoriented sample to another direction in the part
subjected to light, onc cannot really characterize the
oricnted part in an otherwise amorphous polymer as
liquid crystallinc. Finally, from a nonlincar optical
phenomenon point of view, the trans azobenzene
groups have sccond-order nonlincar susceptibility
when they have clectron-donor and electron-acceptor
substitucnts in the parm positions and the organiza-
tion produced by irradiation could be considered
almost cquivalent to a poling process. In fact, both an
clectric ficld and irradiation are necessary to achicve
an oricntation with all the donor groups pointing in
the same direction [59], as shown in Scheme 8.

Thus, the role of the charge transfer interacting
groups in this particular reversible optical storage is
twofold. First, their presence shifts the absorbance of
the trans azobenzene to higher wavelengths (lower
cnergy required to activate the trans-cis isomceriza-
tion process) and at the same time activates the
thermal and photochemical cis-trans isomerization.
Donor-acceptor substituted azobenzene require less
cuergy and time to be oriented. Second, they allow
formation of a “written’” part which also posscsses

2%?0 ._h!. & _'%".‘.'

polarization plane
trans cis trans

AGURE 10. Scheme of trans-as-trans isomerizaton
of an azobenzene group.

sccond harmonic gencration propertics and has been
proposed as a potential waveguide material. A
review covering most of the recent azobenzene stu-
dics has been published recently [60).
The mechanism of oricntation of the azobenzene
oups is based on changes induced by polarized
ight [57). Figure 10 illustrates schematically the
trans—cis-trans isomerization cycle of a single azo-
benzene group. The frans—cis isomerization rate is
prgportional to the laser irradiation and to a term
cos’ A, where 8 is the angle between the laser polari-
zation plane and the dipole moment of the azoben-
zene group. The cis-trans isomerization is relatively
fast and is thermally or photochemically activated or
both. At the end of a trans—cis-trans cycle, owing to
significant changes in the shape of the azobenzene
group, its orientation may be slightly diffcrent from
the initial orientation. If the new orientation still has
a component of the dipole moment in the laser
polarization plane, then the azobenzene group will
still be activated for a new trans—cis—trans cyclc. If
after the end of such a ?clc the azobenzene group
happens to fall perpendicular to the polarization
planc, it will remain inert and unchanged indepen-
dent of how long the laser is being kept on. In a
statistical process, cvery azobenzenc group gocs
through many such cycles until it falls perpendicu-
larly to the polarization planc. The consequence is
that the orientation perpendicular to the pelarization
planc will become enriched to the point where its
population is significantly greater than the popula-
tion in any other direction. this can be verified by
mcasuring IR or UV-vis dichroism and bircfringence
[61].

“Writing” is achicved by a lascr beam of 5 mW
on a spot of 400 pm diameter in a few milliscconds.
The birefringence attains a maximum value (satu-
ration) and it remains constant as long as the writing
bcam is on. A typical writing beam could be an
argon laser operating at 488 or 514 nm. When turning
the writing beam oft, there is some relaxation which
diminishes the total birefringence achicved by about
20% . This may be associated with dissipation of the
local heat associated with the laser beam and is a
decreasce of the total number of aligned azobenzene
groups. After this rclaxation, which takes place in a
fcw scconds, the level of birefringence remains con-
stant for a long time (two ycars were verificd on our
samples). The stability of this “writing” is directly
rclated to the glass transition temperature of the
polymer when the azobenzene group is bonded
within the polymer structurc. The higher the T, the
better the stability at room temperaturc. If the azo-
benzenes arc just dissolved as a guest-host system in
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a polymer matrix, the writing is only stable for a few
minutes or hours. “Erasing” can obviously be
achicved by heating the polymer to or above T, . This
will allow the frozen orientation to randomize back.
But a much more cxciting way to crase the written
oricatation is by using a circularly polarized laser
beam, which will produce no preferential orien-
tation, and thus will photochcmically restore dis-
order following the same mechanism as the writing
process. This is local crasing, with the same resolu-
tion as the writing process. A typical writing-
crasing-rewriting curve is shown in Fig. 11 {62].

Almost any azobenzenc-containing polymer can
be uscd ae reversible optical storage. A variety of
structurcs has been proposed by my rescarch group
and by other groups. Onc important factor is that the
quantum yicld of the trans—cis isnmerization process
has to be as high as possible and the activation
cnergy for the same process has to be relatively low.
If once introduces a chlorine atom in the ortho to the
azo group (using disperse red 13 instead of disperse
red | as precursor) [63], for cxample, the writing
process is slowed down.

There arc quite a foew factors that scem to play a
significant rolc in this rcversible optical storage
process. For cxample, the film thickness is very
important, becausc the writing beam is being
absorbed, hence its intensity varics through the film
[64]). Variation of the azo groups concentrations, as in
copolymers or blends, for instance, changes the
writing characteristics. Probably the most important
factor is the spontancous tendency of the azo groups
to form oriented domains. If an azo-containing
polymer is crystalline, or liquid crystalline within a
certain  temperature interval, the thermodynamic
tendency to form oriented domains will reinforce the
action of the writing laser beam, producing higher
bircfringence  levels  [65). However, the same
tendency will run against the action of the crasing
laser beam, making crasing much slower and incom-
plete [66]. The most interesting aspect of optical
storage on crystalline and liquid crystalline polymers
is cooperative oricntation of any other mesogenic
groups present in the structurc induced by the
oricntation of the azobenzene groups. This enhances
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the bircf'ringcncc achicved on such polymers well ~
above the possible levels in amorphous polymers.

CONCLUSIONS

This bricf survey of the recent developments in
polymeric charge transfer complexes is certainly
incomplete, but -1 hope - it gives the reader an
overview of an extremely active and exciting ficld of
rescarch. The potential applications of the newest
scicntific development open new avenuces for smart
matcrials and optoelectronics. I can only hope that
there will be more interaction in the futurc between
the diversity of sdentists involved in polymeric
charge transfer complexces.
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